EREBRAL swelling is a common accompaniment of many neurological and neurosurgical lesions. The causes and conditions governing its occurrence are little understood and even less is known concerning means of combating it effectively. As stated by Small and Krehl, s it is evident that the problem cannot be solved on the basis of clinical material alone, and animal experimentation under controlled conditions is essential to the finding of basic answers. Various experimental methods have been employed in the past in the effort to produce cerebral swelling, either by direct injury to the parenchyma of the brain or by producing injury to the vascular structures subserving function of the brain. 3 Of all these methods, the one most closely related to that employed in the present study was that introduced by Reid and Cone, 6 who simulated the compressing effect of extradural clots by the introduction of small amounts of saline into the extradural space, demonstrating thereby the classical clinical signs of ipsilateral dilated pupil, contralateral weakness of the extremities, and coma. They also introduced saraka seeds into the extradural space and demonstrated similar effects consequent upon the swelling of a foreign substance within the extradural space.
The balloon is then slowly filled with 0.1 cc. increments of saline. The amount employed varies from animal to animal, but generally ranges between 1.4 and ~.0 cc. If introduced too rapidly or in too large amounts, the space-consuming action of the saline will produce the same signs noted by Reid and Cone in their acute experiments. And, empirically, it has proved possible to determine less drastic end points, so that, at the end of an hour or two, it has been possible to decide that a stable survival preparation has been made, whereupon the polyethylene tube is sealed. On several occasions it has been necessary to remove from 0.~ to 0.4 cc. during this period, failing which animals have become moribund.
After a ~4-hour period of compression, designated as "the period of insultation," the polyethylene tube is cut and the balloon is allowed to empty. After survival periods ranging from ~4 hours to 14 days, during which the animals have been observed for changes in their neurological signs, they have been sacrificed.
Intravenous Nembutal has again been used as the anesthetic agent and 1.0 cc. (10 mg.) of heparin and 0.3 inc. of radioactive diiodofluorescein (D.I.F.) are given intravenously. Twenty minutes later a left thoracotomy is performed and the animal is exsangulnated by cannulization of the thoracic aorta. Samples of blood serum are collected at this time for counting. Through the retrograde catheter inserted into the aorta, the brain and upper body are perfused with ~50 cc. of saline, the perfusate being collected through a catheter introduced into the superior vena cava. Cercbrospinal fluid is collected from the cisterna magna.
The entire brain is then removed and is quick-frozen in a container of dry-ice snow. It is then removed, allowed to thaw for 4 or 5 minutes until it attains proper consistency for cutting, when it is sectioned coronally into 3-to 4-mm. thicknesses from frontal pole to brain stem, and from appropriate coronal sections 40-to 100-rag. pieces of ipsilateral and contralateral grey and white matter are excised. These pieces are weighed accurately and their radioactivity is counted in a scintillation counter standardized against uranium acetate. Because of the distortion produced by the quick-freeze method, it has been impossible to employ for histological purposes material prepared in this fashion, so that comparable material has been prepared from animals similarly treated, except that standard formalin preparation of the brain has been employed rather than the quick-freeze method. Hematoxylin and eosin stains and the Kliiver-Barrera technique have been employed.
RESULTS
Clinical Observations. Balloons have been distended with saline ~4 hours following their introduction. If up to ~.0 cc. of saline are introduced very slowly over a 15-to 30-minute period, the animals tolerate the procedure well. Typically, as the filling is begun, the animal becomes slightly restless and salivates freely. When approximately 1.5 cc. have been added, the ipsilateral pupil begins to dilate (Fig. 1) , respirations are slowed, and the level of alertness is impaired. The introduction of further fluid may be followed by dilation of the opposite pupil, loss of muscle tone, coma, and respiratory arrest. When these extreme changes are avoided, the animal adjusts to the artificial space-consuming lesion in about 15 minutes, and may make an effort to stand and take a few steps. It is usually sluggish and displays hemiparesis and spasticity on the left. Over the next 4 to 6 hours there is usually some regression in this condition, and if too much fluid has been Note polyethylene tube connected to balloon.
introduced, the animal may die in the 1~ to ~4 hours following. When the degree of compression has been improperly selected, decerebrate rigidity, and, rarely, opisthotonos may develop (Fig. e) . When lesser amounts have been introduced there is noted occasionally improvement in the hemiplegia, even during the period when the balloon remains distended. This suggests that the weakness m a y be the result of direct mechanical pressure, and such an effect should be differentiated from the later changes secondary to the development of cerebral swelling. Following the emptying of the balloon, the animal generally remains relatively inactive for 1~ to ~4 hours, but his condition returns gradually to normal over a period of 3 to 4 days.
After considerable experience, it was found possible to predict, with fair accuracy, the a m o u n t of gross swelling of the brain t h a t would be found at autopsy.
FIo. ~. Decerebrate rigidity and opisthotonos following overinflation of balloon.
R A D I O A C T I V E ISOTOPE S T U D Y
Radioactive Assay of the Brain Tissue. Demonstration of disorders in the permeability of the vessels of the brain necessitates examination with selected indicators or test substances. These substances m u s t be such t h a t they do not penetrate the normal blood-brain barrier, t h a t they, themselves, have no toxic effects, and, above all, that they produce no alterations in the vessels of the brain. Radioactive D.I.F. was chosen in these experiments because it does not penetrate the normal blood-brain barrier nor the cerebrospinal fluid-blood barrier. Further, its specific radioactivity is so high t h a t the toxic effect of the dye on the blood-brain barrier is negligible. I n these experiments, 0.3 me. of D.I.F. was employed in each cat, despite differences in body weight. Thus, counts of plasma or tissue activity vary from animal to animal. Tables 1 and  and Fig. 4 . Since the number of cats employed in these experiments is limited, statistical considerations were employed, and confidence limits were determined.*
The right hemisphere, which has in these experiments always been the compressed side, shows a consistently higher D.I.F. uptake than the left. And, with very few exceptions, grey matter has revealed a higher level of activity than white. The peak of the curve appears at 48 hours following the beginning of compression, and the mean values of D.I.F. uptake in grey and white matter in the affected and the contralateral hemispheres arc The maximum level of D.I.F. uptake does not occur during the period of compression, but reaches its peak approximately ~4 hours later. The mere presence of the extradurally situated balloon left in place following the filling and the emptying appears to have some effect on the underlying hemisphere, for the grey matter reveals a fairly high activity even after ~16 to ~88 hours, and the level never returns to the pre-operative figure (Control I). Two cats in Control II underwent all steps in the procedure except for filling of the balloon. The balloon was left extradurally for 78 hours. The re-* We are indebted to Professor Leonard Savage for his survey of our experimental data. sultant D.I.F. activity is listed in Table 1 , and again it is evident that the balloon has, presumably by virtue of its own bulk, some effect on the underlying hemisphere.
It is important to note that even though swelling of the white matter of the affected hemisphere is much more prominent than that of the grey matter, the grey matter revealed higher values of D.I.F. uptake than did the white. Fig. 5 presents these differences graphically. The D.I.F. uptake ratio of white matter to the plasma level at different time intervals is plotted along the abscissa, and the uptake ratio of the grey matter along the ordinate. It will be observed that more than four-fifths of the dots on this graph fall close to a line formed by laying a line from .0 through a point on the graph representing the D.I.F. uptake ratio of both white and grey matter for normal animals. In the normal animal, the average uptake ratio of white and grey matter to plasma level is 1.6 and ~.6 per cent respectively, and the activity in the grey matter is 6~ per cent higher than that in the white. In the experimental animal, the proportion is approximately the same; that is, regardless of the difference in absolute counts or ratios, the grey matter of the individual brain sample shows a 50 to 70 per cent higher activity than does the white. It would appear that the higher activity of the grey m a t t e r is a reflection of greater vascularity, and it would seem that the marked increase in concentration of the radioactive dye in the edematous brain is a reflection of the vascular pattern. More will be said of this matter later.
FIG. 5.
Graph showing relationship between radioactive D.I.F. uptake in grey and white matter. The straight line is based upon the relative uptake in normal animals (the absolute uptakes being smaller than in the edematous animals). The solid dots represent the relative levels after 48 hours of compression. The small circles represent relative levels after either ~4 or 36 hours of compression. The ratios are those recorded in Table 1 , from the compressed hemisphere.
Pathological Study. 1. Gross alterations. The findings t h a t characterize
the gross appearance of the brains of cats sacrified ~4 to 7~ hours after insultation are described herewith since these changes represent the maximum alterations at the time of greatest change. Not all of the alterations noted were found in all of the animals but it is fair to say that most contained all of the following ( (7) In several animals, ball-shaped hemorrhages in the median raph6 of the midbrain. These were usually associated with shortsurvival animals.
The gross findings are then quite comparable to those described in human cases.5, s 
~. Histological alterations.
As has been noted, microscopic preparations have been derived from material prepared, up to the point of freezing, in a fashion comparable to that used for radioactive counting. At this step, material intended for histological analysis has been placed in formalin and carried through the standard paraffin sequence, using hematoxylin and eosin for standard preparations and the Kltiver-Barrera method for study of neurons and myelin.
At ~4 hours, the most conspicuous change is the "spongy appearance" of the white matter in the affected hemisphere. The increase of tissue fluid in the interstitial, perivascular, and pericellular spaces produces a sieve-like appearance, particularly in the centrum semiovale ( Fig. 7 A and B) . Fragmentation of the myelin sheaths is present in the spongy area. Elsewhere, myelin is little affected at this stage. Despite the fact that the peri- vascular spaces are widened, the capillary endothelium is little altered (Fig. S) .
At 48 hours, the "spongy appearance" in the white matter is less evident, but changes in myelin and blood vessels are accentuated. The myelin sheaths are somewhat swollen, and staining is irregular. Fusiform enlargements are seen in the sheaths, and varicosities are noted with irregular, ragged outlines. These alterations are most marked in the eentrum semio- vale, b u t are seen also at the junction between grey and white m a t t e r (Fig. 9) . The capillaries and small veins exhibit distention and show signs of congestion. Some are surrounded by extravasated red blood cells. The most striking changes are those in the capillary endothelium. Here the cells are swollen, plump, and irregular, and the n u m b e r of endothelial cells appears remarkably increased (Fig. 10) . Occasionally the swollen endothelium may be present in the smaller vessels.
At 72 hours, there remain only slight porosity of the tissue, and minor changes in the capillary endothelium. And at 96 hours, no significant differ-ence is found between the two hemispheres. The less obvious changes in the microscopic preparations--alterations in nerve cells and glial elements--have not been studied in detail.
D I S C U S S I O N
The present study, designed to fill in some of the gaps in knowledge of cerebral swelling seen in the h u m a n brain, has been directed primarily FIG. 9 . Marked swelling and irregularity of myelin sheaths after 48 hours of compression.
Kliiver-Barrera stain. (Ca X500) toward observations on changes in the permeability of the cerebral vessels and toward some of the more obvious histological changes. The experiments have been designed to simulate the clinical condition, extradural hemorrhage, which is productive of one form of cerebral swelling. I t has seemed to us wise to exclude from present consideration the various other experimental methods t h a t have been employed in the effort to produce cerebral swelling, 3 except insofar as these studies contribute to a general understanding of altered physiological processes. There is, it seems to us, need of separate studies of specific mechanisms. We believe t h a t unless we can reproduce, in the experimental animal, the whole picture of cerebral swelling as seen in the human brain, including gross and microscopic changes, as well as the production of typical clinical signs, we are not in a position to discuss fully cerebral swelling as seen in the human. The radioactive isotope studies have been employed in order better to understand alterations in vascular permeability, and we have found the uptake in the brain to be increased remarkably following compression.
The difference of D.I.F. uptake between grey and white matter in the normal animal is ascribed to the difference in vascularity of these two tissues.
Fro. 10. Striking swelling of the capillary endothelium after 48 hours of compression.
According to Brierley, 2 at least four-fifths of the radioactivity of the brain sample can be removed by saline perfusion in the case of the normal animal. The remaining one-fifth remains in the free residual blood, or along the walls of the vessels.
As seen in Fig. 5 , it has been true in our experimental material that the proportion of D.I.F. uptake between grey and white matter is fairly constant and is quite similar to the proportion between grey and white matter in the normal control brain. This is true in spite of the wide variety in absolute counts. In four out of five instances, counts of the grey matter reveal an activity 50 to 70 per cent higher than those of the white, which is es-sentially the same ratio as in the normal. This may indicate that concentrations of the dye are directly proportional to the vascular pattern, and this disparity might be increased by vasodilatation. Thus, increased radioactivity in the brain sample might not indicate increased permeability.
However, we do not believe that such a high D.I.F. uptake ratio of grey and white matter in relation to the plasma level, 71.2 and 44.~ in the 48-hour sample, for example, can be explained on the basis of increased free residual blood alone. One must consider another alternative explanation, for it is possible, as suggested by Ashkenazy, 1 and Davis et al? that selective deposition of D.I.F. may occur in altered capillary endothelium. Thus the increased reading must indicate either a very concentrated selective deposition of D.I.F., or, what we believe to be more likely, a relatively greater concentration of the dye in the white matter. Table 1 indicates clearly a higher proportionate uptake of white matter in the 24-36 hour range.
These are imporant points which need further experimental consideration. It may well be that radioactive D.I.F. is not the ideal indicator, but the corroboration of the increased counts with the histological alterations does suggest strongly disturbance in vascular permeability at the time of development of cerebral swelling. Further studies, using as tracers isotopes that may more clearly tag the tissue-fluid elements, are needed, as are, of course, physicochemical studies of the tissues themselves.
Our microscopic studies, limited in this report to those changes observable in hematoxylin and eosin, and Kltiver-Barrera preparations, do not support the chronological sequence proposed by Scheinker r in his study of traumatic alterations in the human. In our experimental material, the most conspicuous increase in interstitial-tissue fluid was seen in the ~4-hour specimens, which were characterized by alveolar or sieve-like appearance of the tissue, and the centrum semiovale, in particular, showed on the affected side a typical "spongy appearance." In the 48-hour specimens, however, the extracellular accumulations of fluid were of much lesser degree, and at this stage, parenchymatous changes, characterized by irregular swelling of the myelin sheaths and by obvious alterations in the capillary endothelium, were striking. The number of animals used for histological study was limited (two for each time interval), and extensive special staining methods have not been used, so that we do not wish to be too dogmatic in our conclusions. However, since our material was obtained under rigidly controlled conditions, we believe that our observations are important, for it is one of the weak points of the study of human material that the conditions of its development are often unknown and may be greatly influenced by multiple extraneous factors. SUMMARY 1. Experimental techniques seem essential for a further clarification of some of the problems related to cerebral swelling.
~. A method is described of producing in the cat a compressive lesion simulating extradural hematoma in the human.
